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OISSBRTAflON AI7B0VAL mESS 
fAmmtt^UM « B i i t i « d • tmmamuL AMAX^TSIS OF 
THB PERPQBMAHCB OF CK^SS-FISLO MACHIIBS FOE THCU ADAFT4> 
TION A3 aanrOMCjgrotS • Iqr O. MdAoob l a approvad Ibr tba 
dafraa of M&atar o f Seianea l a OLaeirlaal Hanixmrntiag* 
. . / . . . . . . . . 
vaqr iMpMftiifc pTjwwr. flw ligNbraodie «a(i pMOWIict Mno»«n><k4Mi% 
te» to tiacir imli l l i i t lv* eos^ axti sot wroamilftai fSoae a n l l ^ aod iwcj 
i M l l jimrrr mam mnBt«Ba fio' %Mi^ thm tdoetrtefel Monw igrttMM 
«r* vny widaely iqjilflsNU Tfeft %.«• aorvwntar i * mtlHar Imlf&siMA 
iar poMOTi gnwUer i%«i .1t!0 wstts ^idus^ aus t ^ 4I.Q. MrrcMoter eaa 
Ti» orAbiiixy d.o* i»9ryaaotor in ai^Mnr of itat two aaSa 
v n y mcNMHMflrUjr. Ulttt th* tti<riet of ezos3->£f«iUi noi^ii—, %1m 
fUM of ehatico fbr t!m wsrimm emt^eoesB^ of f)%<id-tedk tmaArcS. 
igr«t«ui iMiii e«icUl«c%%l;r t«id«s^» Bar 'Wty I«Vfo f«*Mr giia«» tlio 
tiio<«t«c» rototlRg «>f l i l l9r (or JbqplJMsnu), liao jjreotioolly r»-
plMod t^ mlmetvoais nalti-stac* «i^lifi«i^« ia a l l r^gaHmMK^ and 
oontraa. jQr«t«MU lh» camss^l^tM meMms aro aXse uaod «• prin»> 
•oforo «Bd gmmmt&em aa wOl «§ lototiBg tsmaaiagtmmn ia a n ^ 
i a i u t i l a l ^ppliiMlieDa* TbnAr U M «• fl«drvoBotmri^ hmfwwr, has not 
attaraetocl aoeli ottantlfln of 6(»itm2. &i|^nMi«» 
Tlao erosooftiOld Mt^iaKi }mlmg to tho wnro gmme^l eluto 
of MitadTao w r a o o . In QmpUee 2, tlw buie ptinRi^gUm* mad eoiKiopt* 
iavolirad la tbo tboerjr of Mitadiiaoy a« dotoilopod fegr the piemeriag 
werlEor Dr.J.lf.Po«t«rii^, « « feriafty diaeaaood %ilth tba aid of aodwa 
aatrioMNthmi. Tha -vwatality of thia aaeMao to of>a(mto «Lthar aa a 
gosart^or^ aeier, tranafbxvar or a coabdaaiiaa of t lwi la iadioAtad. 
A MNureh i s Bsd* la Chapter 3 to meuAxm tlit pm-toanumtm 
9t ••rtala en>a«->fi«id mmliiwwi vlth tlui vim of ^MIT apjpliottttMi 
ftt arxwatort i4aieh h«v« tlM advantafav of te*lli tha anHrt«r«» ani 
tha fi4^UU«Mttoollad dl.e. •arwotai'a witbovt «»a of tboir li«Lt*» 
'MLena. El |^ VP** *>^ eros»-£laH aotora ar« atndiiad vith nftevmo 
to tlwir atoac^atato torq|iio->iq>o«d eharsetariatlesy «talX-t«r({DO» 
int«mal aloetrSoaT daapingy and tranafsr Ibnotioc. It la fWLt that 
aosa of thoao naehinoa can find application la tho sat'roajataa .^ 
In Chaiitar 4, i t haa bean tetmi^t out that tho ext»«t-llold 
•aehinoaf i f ttaodt as as»aturo>c<}ntix>Xl8d smrynmxton, will rosalt i» 
Stttastaoatial rsduotim in tha rating of the sarvo aaf^lifiar* On tho 
other hand, fl^U-omtrelled oroaa»£L^ Ld sarvoaotora pasaosa InharaBt 
olooiileal rtatqtim therel^ f the aaoont of axtemall^ pnrrided saehanieal 
daaptog aan he redueod* 
C 0 K Y ; K I S 
SXN0P3I3 . . . . , , 
uar or Fioimss AUD TASLSS 
JIOMSKCLAlORg . . . 
CHAPTgR 1 . IHTHODOCTIOK 
1.1 Introdaetioi . . . 
1.2 SarroaaehaniaB 
1.3 Sl«etriiHLl SyaUmm 
1.4 ParibniaiuM voA %>fleifieatiOB 
1.5 SLeetrieal 3«rvow>tom 
1.5.1 A.C. SsrvoaotomB 
1.5*2 O.C. Ssrvoootors 
1.5.3 Amatur»-C(axtroll3d Motors 
1.5.4 flald-Conirollad Motors 
1.5.5 Sorle8-C<»m«eted Sonroaotors. 
1.6 Kstadyno Sarvonotors 
CfUiT^ 2 . GSNESAL MErA0XHE MACHINE 
2.1 Introduction . . . 
2.2 MotadyiM-Delliiitioas 
2.3 Indueod i^fs duo to Arasturo Corronts 
2 .4 Brush Currwnts BBA Araatttro kfindiztg Corronts 
2.5 Canonical Corrsnts . . . 
2.6 Brash-pair Stefs anl Csnonioal Currants 
2.7 Tzwisfomer Action 
2.8 Stator Windings . . . 
2.9 Brash-pair Smta and Stator Corrwxts 
2.10 Qmisral MstadgmQ Eqpiations 
CHAPTER 3 . MSTADYIIS SSifOMOfTOTS 
3.1 Introducticm . . . 
3.2 Cross-field Sorvtc»otors 
PsgQ 
Pag» 
3.3 Type 0 SmrmmoUac 
3.3.1 Annatar« Control 
3.3.2 Fiold Control 
3.4 Xyp* I Sermnotor 
3.5 Tjp9 II SoTTonotor 
3.6 Typo III SorvoBotor 
3.7 Typo 17 Sorvoaotor 
3.d Type V Sorvoastor 
3*9 Typo VI 3ozn)Botor 
3.10 Typo VII Sorvoaotor 
3.11 Type VIII SMmnotor 
CHAPTBR 4. DISCUSSION AKD COMCLDSIOKS 
4*1 Amotaro-ControUed Motors 
4.2 fleld-ControUod Motors 
4.3 Scope fbr Ftetwro Inrostifatlim 
AdKCLSOGgMSNTS 
^^ OF nwm m yAi>ss 
1.1 
1.2 
2.1 
2.2 
3.1 
3.2(a),(b) 
3.3(a),(b) 
3.4(a).(b) 
3.5(a),(b) 
3.6(a),(b) 
3.7(a),(b) 
3.8(a), (b) 
3.9(a), (b) 
3.10(a), (b) 
Tab^ 1. 
P ^ P ^ ^ 
A. siapla position eoatrol tqrvtaa . . . 
A block iiagruB of aorvoajstoK . . . 
laoaotric axKatnra with jQraetiMial pitch 
Gaoeral amatoro eurrant dlatribnticm 
PrJnitiva Croas-FiaM }^dsixm 
Type 0 SartoBotor 
Typa I SmmmotoT 
Type II SorvoBOtor 
Tjpm XII SanroBotor 
Typa IV SaonroBotor 
Typo V SarvMwtmr 
Typa VI Sarvowttor 
Qrpa VII S«npow»t<^ 
Ilypa VIII Stammotor 
Transfar lUaetion of Cross-Flald Sanmaotora 
HOWaiCLATimE 
R a t l t m a l i ^ ^SA ijstwB o f xadtB has be«ti iis«d, unl«8s oth«rwiM 
BsnticiMd. Tlw P r i n e i p i l ^jrabols vMd ar« l i s t e d balovi 
B 
[=] 
C(a) 
c 
S 
o(.) 
I 
In 
r a 
i 
i 
n 
J ' 
X 
K 
a 
K P 
ab 
ab 
l^ u^B|> co«f£iei«nt 
Cctmaotion siatrix 
Laplaca's transfom of c 
Control Tsriabla in tha sarvo agrstaa 
Staf iniuead in tho azwatora 
Induead imtt matrix of tba Motadyaa rotor 
Qyelas of tha BscMna 
Cyelaa of tha araatara 
Cyelas of tha 9tat«r 
Torqaa itatrix 
Tranafar ftoetion of tim sarvonotor 
dtMtd^'Stata currant 
Staad^stata eiurrwit in tha n th bmsh or loop 
Canonieal enrrant in tha bmiAv*pair g and h 
Staisdy-ststa aznatora eorraot aatrix 
Staidy-atate stator eorrant natrix 
Inatantanaoaa currant 
Inatantfnaoaa eurrwst in tha n th bcuah or loop 
Amtura curruut in tha winding saetim betwaan a and B 
Inatantanaoua corrwat satrix of tha eonnaetad aaehina 
Inatantanaoaa enrroxt natrix of tha priaitra niushina 
Polar WMMUt of inartia of tha aervmntor 
Constant 
Transfer fiinetion of aervo ampliflar 
Tranafar fiinetion of pot«nti<HDatar 
Proporti<mality constant 
Proportionality constant 
Proportionality oonstant satrix 
Proportionality oonstant natrix 
h 
Q 
B 
P 
R 
\ 
R 
[H] 
R(«) 
R 
be 
t 
? 
a 
t«] [.J 
Salf.izKiuotaocA of viading a 
^%Itual-iIlduotane• betiMan wii»1ii>f8 a and b 
islffeetiva iodoetanea of dixact axia ariBatara eirenit 
Sffaetlva iadaetanca of qoadratura axis eireuit 
Indnetaiiea Matrix 
StasKty'-stata an^lar spead 
Inatantanaoas angular apaad 
Powar 
Hsaistaaca 
Total rasjatanea of diraet axia ar£»ttire eireuit 
Total resiatasea of qoadratura axis araatura eircid.t 
Rasistatiea 
Reaiataeea natrix 
Leplaea*3 tranafbn of r 
Amatura rasiatanea batuami diraet or quadralaira axis brash-; 
HefaraDca iapit in tba aarvo jqrstaB 
Amatura rasistaaca onror willing section a,b 
Tisia-eoDStaat of winding a ( W R ) 
Maohanical tiaa^eonstant (J/B) 
Artificial tiBa-e<»i8tairti ^h>e/\'^ 
Ti»a 
dtaadjp^atate torqua 
Inatantanaoas toxt|na 
Staadj-atata tnltaga acBSs circuit a 
Instantanaoua voltage acroaa circuit k 
loatantaneotts voltage lusross eireuit a 
Inatantanaoua voltago natrix of tha ccnmaetad aachina 
Instantaneous voltaga Batrix of tba primitive xachina 
Tranaient inpadanca oaatrix of the eonnactad aacbina 
Trnnaiant iaqpadanca aatrix of the {srirdtiTS aacbina. 
Stator windings 
Magnetic flux 
Laplaea*s tranafora of 0 
Instantanaoua angular poaiticn 
smmkkimsim§. 
%' ^l 
V*s 
p 
9 
[Mt 
'm 
1' 
h3 
'^oiZ 
. . . m 
. . , m 
m 
-
m 
-
ar 
at 
a: 
m 
(kmstuits 
CODStpXttB 
Operator Vi^t 
C<aiiipl«x fr«qpe <qr •ariabl* 
Tran^x>s« of natrix |_A J 
.-aiBiftation sign 
<^dfi*^-V/8n 
^hjL' ^ ^ A ) / R D 
v^ 
^dd' '^oLfi^^^ 
C H A P T g R - 1 
I K T B O D P C T I O N 
la tfait C^mptmr, tlw lBpoxt«at plMC9 a awnrmntor 
oecopiaa in tha daaign of aanrwaechanlMn la rcnriawad. For a aaall-rad 
•My aaall-poifar ntnro qrataBa, the alaetrieal agrstona ara laas cosUjr 
md aore widaly «aad than tha pcMUBatle or fagrdraollc flg^tau vhieh 
ara ganarall^ uaad for maALvm-potMec and larg»->potfar sjatana rai^eetlTaly. 
A aeareh haa baaa nada to find a auitabiLa Matadyoa avxramaUar which haa 
tha advantagaa of both amatora-ani ftald-eantrollad Mvtora. 
SanroBoehuiiaa or Sono i s a faad^baek control aijrstam 
in idiieh tha eontrollad • ' riablo ia •aehanical position. It la a davica 
that positiona an object with raapaet to an arbi^t^rily Tariad signal. 
Ita ^jaratioB dapanda upon the dii ferwica battrasn tha actual position 
of tha object and i t s dasirad peaition and i t acta to radaea tha 
difference to aext> and lumea randM* tha fl^toal peaition (or output) 
aqfoal to the daaired poaition (or inpat). Servos are a part of a fmily 
of agrstaaa known aa feed-back control ajraimmB, a aignifieent feature 
of which i s that thagr ad jast the ovr^t equal to the ii^put. 
ServDii[jr8teiB tmy be either Igriraalic, pxtconatic or 
electrical. The bgrdraulic agrstoM are durable under ragged uaa, haTs 
grdfttvr povsr carrying capacity, aBollw tiae-coziatant tavi hi^^r 
'ter(|a*->tOHB0nant of iiunrtia* ratio. Thasa aystaMS, hovavar, ara 
rwy a3q)an8ive and ao tbair i^plicaticm ia restrietad to Tezy Ij^rgfh-
powar aarro i^ yatana. Tiae pnaonntie ayateca, «i tha othor band, ara 
a i i ^ e , eaiQr to oaiiitain, laaa coatly and faaira lotr wai^xt* Hut, due 
to tha eo^>reasitoility of tha operating Haid, tha tiae-^»>nstant8 
ara larga and thay ara tmaaitahle for apf^Jieationa raqoiring high 
apaad rs^)onao. Thay ara widaly uaad in nony ••diaaKf'Over aarvo ^stama. 
Tha vast au^jority of tha praiwnt day aBall-powar r'swroB 
ara alectrical aystaaa. They asfiloy elactrie notnorica, alaetronie 
a^plifiars and alactroHB@eh^^eal darieoa* It i s aaaier to daaign 
and conatruet alaetrie eoa^WBeata. ISLaetrie aignala ara ^isy to handle. 
Tha diagras of sxk axtrocsaly sii^pla aarvo aystas ia 
girmi in Fig.1.1. The i^neticMD af thla aarvo i s to r^rodaca tha angular 
poaition of a ^i&ft at aoaa raaota leeatiMi. Tha poai-Uon of tha coBotan^  
ahaft can ba varied arbitrarily and tha ccntrolled ahaft onst roproduca 
aeea2*ataly the poaition of tha e(»sBHu»l ahaft, Tha two potentioaiatars 
prodaea voltai^aa proportional to tha poaitiona of the ra^^sactiTa ahafts. 
Lack of corrm»i4mdmui9 bati i9n the two ahafta i s givan Igr tha diff^r^snca 
of the abora two voltagaa, known aa tha actttatin^r or arror aignal voltaga, 
vUch drivaa tha aarvoaiotor through tha MBjlifiar in aach a laatmar aa 
to raduca thia liff*%r«nc0 to maro, IXia to tha ii^rtia of the soving pnrts, 
tha controlled ahaft, i f uBdar-datsped, will over-shoot the deaired {joaition 
and eoawa to rt^ at after a few dsis^d oscilXatlwia with aoaie anall or no 
pensanant error in the tto&tt positlmis. 
In Fig. 1.2, the block tiiagiWE of this servo syatm^^ i» 
shown. With unity feod-back, the forward and th-? epmo'loop transfer 
fltnetions of the ayntm. are identical and are tK^uH to K K (s) where 
K tmd K are the tranafer functions of the potontiometer and amplifier. 
i (s) i s the transfer f\uiction of tha senromytor. The overfall transfw 
Aiaction of the closed-loop systen i s 
^ t s ) 1 • Kp K^  G(3) 
As K and K are eealarsf the dynamic response end stability of the 
agrstem are detemined liy the transfer fiinetion of the cotor, 0(3), only. 
For electric swnronotora, the transfer ftoctlcn can bo refxesented in 
the factored fonr. as 
0^3) „ J 2— . . .n .* : ; 
8*" (S • 1/T2)(8 • 1A^) 
Depending upon the ralue of n in the above nqpression, the j^ rstees are 
classified as girwa belowt 
For n » 0, Type 0 systOB, 
n « 1, Type 1 aystom, 
n • 2, Type 2 system, 
t.^ Ffyfoiyff»9y-3pffpififfat^9y?: 
In the ti»a doBain, a linear o<mtrol ayste© i s rej reswted 
by s li£«ar differ<mtial equation with constant coefficients. Its caofyLef 
TOlution consists of a coapliBsntary f^metion tmd a particular integral. 
The cMRplijiiGntary Amcticm represents the transient reponse and indic^^tes 
th« degr«Q of stability of the syat«a. The particular integral gives 
Inibneation regarding 8tae4r*ftate op«ratltm. 
Th» steady-state reqair«B«»ts of a ssrro are the static 
srror, the lisdtations on the Teloci^ and aeeel«ration of the ccntrolled 
shaft and the load eonditi(ms. The static error, the icost isiportant aitong 
thaei, i s tlM error that exists vbaa the servo i s st rest vhieh depends botl 
upon the rmture of the cosaaand signal and the Type of senro. Usually, 
the static errors for the positiwi, Telocity «id acceleration inputs 
are specified. The controlled shaft asist be cafabl3 of moving and accel-
erating; at least as fast as the majriaPB rate of change of the coaseand 
signal i t i s reqairo'l to follow 
The other major criterion for design i s the dynasdo re-
qoirsoonts. Stability depends upon the nature of the atystea and not cm 
the referwoee input. Location of the poles of the closed-loop transfer 
function detemine the degree of stabili ly. The dancing ratio and the 
natural f^ re<|tten^ of oscillatlea of the afysten di^ e^ad upwi this pole -
looatifw. It i s desirable that the ajstwc posses sufficient susrgin of 
stability, here are ^ noKber of methods for the agmthesis and stabil-
issticai of the sjrste* and any one of thejs can be employed for this purpose. 
CoBfaLnatioB of d^ mansic and steady-state requirenents 
constitute the eosplete perfornate specification of the servo, Hi^er 
the type of a servo, sKaller i s the steat^st^ te error, but stabilisation 
problen involved i s consequmtly greater. The desipi of a servo i s usually 
a eosiproffiise between the steady.state STrDr and the degree of stability. 
The servo perfomance can be specified either in the tiiie-
dcffi:ain or in the frequeney-dootsin. In tin»>doBain, the desired chnraet r^-
i s t i e s are apeclfltd in tsma of oTor-shoot, rise-tiat and sattling-
tiao of a soeoRd ord^* agratan to a atop raaponas which can ba azt<mdoii 
to higher «rdar ^yatona. In tha fratiaaDey. doBaia, tba sgratan ia apaeifiad 
la tarca of band-vidth dofinad as tha real f^aqamey ovar which tha 
aofklituda n»poam doaa net drop 3db balow tha aa^Oitwla at the centra 
of the paasband. Tha Ixand-width ia an index of the ability of the sgratair. 
to reproduce tha ahape of the i i ^ t aignal* 
1.5 SLeetrleal ^anroiaotorar 
Selection of tha priMvover i s & laajor atep in tho deaign 
of a aervcoeehaniaBi, for auch of tho dealgnf both Beehanical and elect-
rieal, dep«Kide i^ pos i ta choice. This deper^a apon the power reqairanenta 
of the load, poirar aourcea availftb3«, ^igraical ani eccnoaie liidiationa 
of ^ e eqetifaMBnt and alao both i ta atatie and (^ rasoDio cbaraeteristiea. 
The notor aast be capable of aui^lying aaffieiant aaocmt of powtt* ao that 
the e<aitrolled abaft will be rotated with specified Telocity and aeoelera-
tioa. The inertia of the sntor inflaeoeea the total power aa well as tha 
aaxlsna acceleration poasible. For nsall loed-intertla, tha* stall - torciae-
toHMtor inK^ia'ia a aeaaure of dyneaic perforaanee of the ootor and 
this ratio adaaoM be as h i ^ as possible. 
1.5.1 ^,c, Sfmm^sn? 
A.C. senrooiotors are two phase iniaetlon sotors. One of 
the stator windings i s excited Ijy a constant a.c. voltage lAiile to the 
other winding tlM setuating signal voltage of U^ s«»e freqacmcy i s 
applied; tlM two vol.tage b i^ng in quadrature i . e . ± 90 oat of phaae. 
The torque devolved i s ajproalritatQly prqportlimal to the actuating 
signal Yoltaga and the direction of the torque depends upon itrihether 
this -voltage leiade or lags t l^ referanoe tdnding voltage. The operating 
fteqoni^ies are 50» 6G or 400 c/a. 
The steady-state t<»r(|ae»qjeed eharacteristie of tids 
stotcr, vith Yerjr high rotor resistanoA, i s approxis»tely a straight 
line vdth n^ative 8l<qpe. It profrides aaffioieatit internal e l^tr ica l 
d£«f>liig for the aystarE to sapxlesieot the Kechanical viscoas dating. 
The ti'anafer Itinction of the Biotor has the fom 
Tiids Botor requires the 3i»^oat type of control BsspHtivr ^rd the irie-
tion being mdxdaam, i t i s tddely used ior s&aU-pover sonro systems 
requiring about ^ to tOO watts of pov«r. For larger sises, these motors 
are inefiieient. 
1.5.2 .C. SenfPBotorst 
ror larger pm e^r requirwieaits of isaqjr kilowatts, d.c. 
servcKsotors are used i4iieh have the foUowisg aJvantogos aver the a.e. 
senrcsotors:-
1) They can delitrear larger output from a saaller frwoe-
sise OKI require a sneller ccmtrol anplifier than an 
equally rated a.c. aotor. 
i i ) They are aiore efficient in applieaticma requiring 
twriabile VfeA, eapacially Tery high or low spa^ ^ds. 
i i i ) Their circuitry p ircdta the use of simple stabilising 
techni(|pMS. 
iv) Certain comiections of d.c. i»tors do not req^iire Xnpa.t 
pommr undex no-si^ial emiditi^is and h«ttce ideal foi* 
i^plieationa involTing l&ng periods of stancUbBr nnd 
intoTKittant oatput* 
imitrnar, thery hayrm tb« foUmtiag liiidtatiema:<» 
1) %«rkiBg at tho cooentator mi i t s tmintmrnec; 
il) RBdi0>int9rf«reBe« g«n^%tfid at tho brushts. 
i i i ) In fiald-ccaitxol eiretiitfliy l^starsis, nagnatlc 
aaturatlon «xsd highly in4u«ti-vo Inpjt eireodts 
nako staMliaation diffiealt. 
rosrt of the abov* dlfficultias ean bo eiretncacrlbed bgr 
propar daaigs uid prooaatior.s. Tbora^  howrrsr, aro eertain drawbaeka in 
l^ ei d.e. sanro s^wtma i t so l f ssaeh as drift in d.c. TBeiiun tabs control 
aBqp>lifiar« (^f flculty of i^ cf^ adartce aatehing. 
The d.c* aotors^Qssd in s«rvo sy9tam,mmf be ataont m-A^aas 
witlilsaparate aatcitatloB or sorias-eonnoctod. IB tho fonaar easa tl^ ta 
aetcuitlttg slpial voltafs maj ba find into rt^er tha araatiirs or to Hold 
of tha aotodr, 
Tha Hold ^lieMng i s eotmoetad to a eonstant -voltage aourea 
scd tho oparating point la k^pt vaU boffond tho knoe of th» saturaticm 
c«rv« so that tha torqeia i s not sansltiTe to ssall chaisgas in field 
voltaga. Tfaa ?ctaating signs! vdt&go la applied to tha anBatora. Tha 
BajfRiituda of tha tompa i s prop(Mrtlonal to this voltaic and i t s diraetion 
dapanda vpcxn i t s polarity. 
This type of oonnaetlon has Uw adtrantage of batter ^^ masdc 
rttpemMm as tha an&atare inioetwica i s n^^liglbily snail* The mtire power 
baoElled Iqr the B>otor i s sap^ ilLiad by the control aai^itlar* The steadjwst ^  t^  
toit|a3~^p*a<i eharacte»rlsties ar« paraxial •qaidistartt atraif^t linss 
with constant nogativa alaip; This providas alQetrLeal dashing ia ths 
igrstsB. Tha stabilisatiim proW.mt i s xLa^ar. 
With th9 davailefaant of powarf^ pannuMBt nafnat B&tariala 
aueh as ilnieo, tha f la i l tdndiiifs ara haing n^^laead iQr pariL'aia&t Bagnats. 
Thaaa aotors are rugged nnd relatlTaly leas costly. Thsy oporata in tha 
saturated region to siBiaisa U)a offsets of amature reactiim. I'he/ have 
the same effi«i«ne3r, $>iBiIar perfonBaBee, s t r a i n e r torqn^^apeed eharae-
terist ies «Ed better low^ i^ MMd ds^pij^. Thqr are finding implication ia 
iiller->peiHr Sarrotq^rsten. 
1.5.4 flfflfr-Ql^fft^W ^Wi* 
Ths araatttre i s eoaaeeted to a oonstant-earrent sooree. 
The eontral -voltage i s ii^rassed on ths fiald viading. If there i s no 
Ktteratloo, ttm torque i s proporHeasCL to tha control voltage ssd thm 
direction of rotation depeodls iqp<m i t s polarity. The iield excitation 
raqpiires saall peirar «Bd^ thMrafore, oiOjr a auOler IMTVO aaf^Ufiar i s 
aeetei. 
Sat as tha flaLd eirecdt tia^-ecnstant i s large , i t s 
re^ionse i s less rapid than th't of tha araatore eootrelled motor. Also, 
noaliBaaritgr i s introdaeed doe to tha hysteresis effect in the field 
eireoit. A eonstant-earrent souroe i s needed which aay have to be r&xj 
laorge ia largeopewer serrosystea. It has a third order transfsr function 
for ^Asdtk stabilisatixm i s more diffLoult. The steady-state tort|ae-^peed 
eharaetaristios are parallal stndght lines and are ind^^mdsnt of speod. 
So, there ia ao internal daa^iag preswnt in the iQrstea and a l l the daiqdng 
vcpxirei haa to be provided aoehanically. 
1.5.5 S»i««~cemi«ei«wt S»rTOBetorai 
BE>th th« flald and th« amatttr* ar» eouaeot«d la ssriss 
to vhieh i s sqppHmd the control -voltage. %ilit-fl8ld vir^dlnga ar« uaad 
for diroeti«i ravoraal. It dooa not raqaira any oxteraal mxppXy and tha 
powar la takon froes tba swvDaB^liflar i tsalf . Tbia type of aotor i s 
uaad \ibmi high atartiag torque i s required. Its torqa«-fli>eed character-
iatie ia ncm-linear end the tira&sfoar function analysia not poaaibla 
onXeaa the aetoal uharitttaaristie ia replaced )^ an appreadJiate straight 
l ine over the operating range. Sran tlian, i t taaa a third ord«r transfer 
funetioo, "Fhia providea good daqping tut prodsuiea a large relooity error 
and ]p>e(»r qpeed regolatien. 
^•^ We^i^yt Sertaaotorat 
Strer aiaee the ^joeb-aakiBg publication of Dr.J.M.Featariai'a 
papera In 1930^ the HetadjnMa, aaeiati»i8 referred as eleetro-«eehardeal 
Taewaa tubaa, are desipiad aad o<matraeted with eatisfaotozy reaoltay for 
a vide Tarity of indua^rial applieatlons. Hetadyiiea are uaaally uaad in 
igraieBa of eachinea rather than iJuUvidoally aa la eosrr«nti<»al Bachinary. 
Ttaagr are desi^Mid £raai the iqrntJieaia ata3ad->point tilth neeeseary eharacter-
iatica built into the eooEponent aaehinaa in eimtraat with tbe eocmitloDal 
aethod of eaployifig jcachiiiea that have inherwit eharacteriatios or that 
hare to be eloealy regulated by feed-beck tee}«L<|aea to aeeuare the deaired 
behaTicwr. 
Aa alsoat unliadtad raae* of eharaeteolstics relating apeed, 
tcntfue, voltages and euzraaata ia poa»lble with this elaaa of saehinea. Thay 
are built aa generators, Botors and rotating transfbzvera, the ebaraeter-
iatiea of tAieh can be jeod±f±0d by fsaediag iato their asiltiple flelda. 
sinnals £roB othnr p«rt« of tbi saehiBS agrstmi. Mwn the** naehiiMs 
are thns Mi|2Xogr*<i KSM speeial f«atar»s, anoh • • r^ ^^ woMmtlv* hnkijag, 
lieiit«l short eircait eurrwata and reduewl vaetalAe trmM-sitm for 
g l fw oa^pnt efl«¥>«r«d to tho eocvwitional d.e. BaehiB«Z7, ote. e«n 1M 
olitalaod ifith advaatafo. liaiar tnui^ant etmditlonn tba ra^ponaa of 
tha Matadyaa ean bs aa faat aa that of lABetrwaLoi tabaa. In tlia praaMt 
tiaxk, mn attaapt la aada to axplfire tlia iiih«rant Tsrsatality of a 
t^ota4]ma for i t s aii^ioation aa aatrtoaotw. 
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2.1 IritoodgatiOBt 
In tMa Chapter, the anaJ^^iottl th»ory of g«n«rsl Matadyii* 
maofaiii» 13 r«vi4nMd, Tb« Keted^ raif} 8ssohi&« fropetT, es mEdMrstood i s this 
woxii, i s first dsfiiwd, Tho sH»st diatisgoljdiing aapaet of a Katadyn* 
Baehin«» • ! « . , tha maltiplicity of both the barurti-pcirs on the ernature 
o^ d t}K3 atator vdniiinga, i s ruDtt considiered. 
It la l^OMD that the actual armatore vinding oarraits and 
the bmah eurranta are tmlciaely detareined from each other. Iha ocmcept 
of ** Gai3fflaic&L Currimt" i s employed to raji^ f^ce a givMi sgrstec of taaraidb 
eurrenta aiMi henoe areatare wltsding oarrmita. 
One einfolar aepeet of this saehixM i s Ita perfonaanee vhen 
the eozT^st earrying arBature i s rotated with no exanrmA carrying stator 
windings* It i s lAioim that, tinier this e<»dition , the net e.ra.f* iiKhieed 
areoad the araatore winding i s aero for isotropie naehines. 
The elassifieatlm of the windings i s also reviawed in this 
Chapter. Th» stator of a Ketadyne aaehine priaarily serres to proride 
a low relaetance path Par th» siafnetie CLax prodnoed Igr the armature 
commts. In addition, i t tmy, howerer, carry otne or aore current carrying 
windinga. Theae %finding8 mey be cosmeeted ia eeries with one or sore 
brushes <fi connected across any two bmaiitea. JO.SO, tiMy masf^ be eoimect^ 
to ijQd«p«at]d«at Mpply 80ure*«. 
LasUjr* tba a«n«ral H^tadjtm Eqattixms, are d«riT€d 
taking iato e<»udii«ratian of both tAm hraah euxTflcts and tho stator 
wlndiiig astrmtts* The eonditions \aid«rwfaieli th« Motacjjna will work irtnlly 
a« a ganarator or aotor or tranafcmMr ara discunad. Tha poasiMlity 
of tha rtmning tha aaeMjia sinltuieoaaly aa transfbnser aad aotwr or 
as trass^sTBor ei»i gmiwratvr i s indicatad* 
Tha analysis i s rastrietad to iaotropie Bac^ dnaa <mly and 
magnatic aataratieo i s not takm into aeeoont. Tha panblaB of eooButa^ -
tdoa, t^ch i s i£:porta&t from daaign point of rimi but of l i t t l a s i ^ -
lioanca so far as tha operaUag eharaeto'isties of tha aaehizi* ara 
cmieamad, i s bsgriMid tlia seopa of the prssant \nark, 
2,2 Mat&dypa » Daflait^opat 
k» in sa^ othar eaotro-aiechanioal powar convartij3C darLea, 
tha Hotadjoa (^xnaists of & rotor, carrying ara&tura windings in whioh aaif 
i s ix^ucad and a stator, tJeia nain ftoietlon of whieh i s to provida a low 
ralnetanea patii for tha sagnatie DJOX produead fcgr tha r^rioas amatora 
windine eunranta. The atator aagr eaxxy tittlA windings prodncing asciting 
Bagnatio flax in aagr radial diraetlon. Tha armtara windinga sr9 eoonaetad 
to a eonantator <m %Meh ara plaoad a nmbar of hrusbas w i ^ aagr an^plar 
dii|)Ositiim. Tha araatnra windings afty ba ring, lap or wen type and nay 
ba aildiaar ttiH or fraetionallj pitebad. 
If one tzwrela eireosfirantially around tha eir-g^p of a 
rotating alaetrie aaehina, in going just onn round, ona will ebawnre that 
the idactrie azsi oagnatic oleiMRts constituting the aaehina repast ttoir fors. 
•IMS, BKitual loecitioCf iBt«r»otion asd eozmecttiaKia *f* t is«s. HMO 
the aasMa* i s said to h&y *t* oyeles. In ordlmuy d.c.^ aynehronafos 
axA {Qraohronotts amchSjawt, tbm n»ber of eyelot, * f * i s oqaal to tho 
matbor of Bagsetie polo-pairs* The termiooloejr of poles i s ratibmr 
eonftiaijag in tha case of a Motadyne, ThWBfySf, the n tion of ejeles 
i s gtta&mXly used, 
Coasddorinf the ot&tor slcne, the laucbwr of eycles, *f ' 
d^iwds upon the B&gb t^ie thai distribati(nx around th^ periphery and i s 
nori^lly eqaal to the ooKber of f^le-'pairs &r i^ xieh the s*' tor windicgs 
are tnoBd. C^UKidwinfe the axx^ature sloco, the ermature wi&dings will 
have as ma^ cycles, !_, aa t l» nuaher of taath of tJj© anuatur© core, 
iioiievar, tiie actioti oi tha arsjatiaro wirjdings di^aods uptm the nuibnr of 
nafpetie ^ e l e ^ f . on the stator* In addition, this action also dep«Mis 
upon the type of arjnatwra wii«iirig, ring, lap or vave. ¥OT the eoMplate 
aaaeaBhl;^  of aniiatare axd stntor, the snab^ of egrde^ t, depends upcm 
i,h» coastn^tit a of hoth the mmSMon, iMeh aagr be differacit tram botV 
eithn', f , axid/oi; f.. Ihe anebear of <^lei^ f, for the eoasplete »echlm 
i s the > « x i » . coi«m d i ^ ^ of.£^ a«d,f,. The Metadynoa ar. designated 
in t e r u of the muber of <^ele8, f. 
Fran the considerations of eor:stru«rtion of the stator and 
antatare tiindinsa, a Metadyae may be defined as foUewss-
** A Hetac^ yne i s a itaehine proividsd with an an»fttare having 
a cosiaatator npoa which bear at least thtm brushes p«r oyele of the 
machine, comtnatation being ind^^ttotient of th« sain windings of the stator 
or aogr even:tual isagnatie a&mhse acting upon the arsalnre*. The windings 
of the coii^utating poled ar^ not eonidderad as sain windings bnt as 
OBxillary viindinge, II th» condition regarding eosntttatlKi la sot satis* 
Hod, ths aaehine i s ealled a "Faoado-Mstadiyno*, 
Oapoiviing vypen tha magnatie panMumca in aiqr radial diraction, 
tha Matadyass are elaaailiad as "Xaotr^ie" and "Azdaotropio" as follows:> 
" A naehina i s said to ba raagnaticalljr iaotropie vhm i t 
has a uniforB pantaanea fcHr any radial diraction". If this cQ»ditic»i i s 
not satisfiad, i t i s eallad an anisotropic Baebina. A SMChina that i s 
isotjn^pie t^ Mn tiia 5roD i s not satarated bacostea an-i«>tropie whan aatura^ 
tion oeoira i f ttm st&ta of saturation variaa with tba poriph«ral diraction. 
Tha eagnatic £lux produced and the aaif s indktead dua to angular 
rotation of arsatura i s datonainad t^ the type of windings. 7hs araat^ ira 
windings sJn, ganaralljjr, of tJsa dtvaet type. iTlMy ara eithar lap or wava 
wound, with iWl or f^ctitmally pitehsd. In tha praaant diaeusaion, a 
right-hatJdad, douhla layar lap winding i s eonsidarad. Tha raaolt oi t i ia 
typa of winding can readily be transfartad to ath^ typas of sis^ xLe or 
eoi^ wiind windings. Ti» diraotion of retatJxm of tha araatura i s takan in 
tha eloekwisa diraotion and tha angLas ara awaaarad in tha aaisd diractioo. 
In Fig. 2.1, an arsiatax^ winding with a fractional pitch of 
anglaot i s eonsidarad. It#o hrushas a and b ara plaead with an arbitrary 
aiagolar diafoaitlcm, 3 • ^ currant I i s pasaad titirough tha anatura antering 
threugh hruat^ a, and laaving tgr hcuid}, b. This currant diridas itself into 
two umaqual parts as indicatad in tha iigura. Bor each brash thara arm two 
cooBHtatioo axaa i . a . two radii passing through tha paripharal eor^ctors 
short cireuitad bgr tha brush, tha ocMsntation axis eorrasponding to tha 
•xtartml l»,/-!»r of th« windlrg i s fi«llad the wcteroal eoeasitation axim, 
•tb» oUimr, tiie internal • Thd bruahas ara shows ooiiv<9»tio»aIly slong th« 
•xtmsml eoMBttt itdUm axis. 
lor thd dimngaiMMrit totdsr eonsidttration, oa and ob ar« 
th» «)ct«naRl eoBcttt&tion axes vdtdXd th« iniemel coBentatlor axle are 
giTW^ OS * toid ob% Oiw to tha \miA curr-^at 1, tvo l^ jrara of aftivo 
•^>ara-tara8 ara craatod^ oaa layar oovarlng tha aa^Bant bstvaen internal 
cooRitation axas and tna otiior l^iag aerosa tha angLa batwaaxi the internal 
cosraatatiitm axaa, Ihaaa aetiv9 Xayaia ara atymat^eelly disposad with 
ra^<3et to bi»ecu>r of tha angla toraad bar tba aoct^tial coaotitatittg axis 
cf on6 f^nish $jsd tba intarnal eorautatiag aada ol tba ethar braab. I'ha 
aasa blatsetor Is an axis of aynffiatxy for sa^natie flax pToducad bflr tha 
abova cmrrarit I . ilad tha srcatm'a wixidixis baen iully pitcbad, i t can ba 
aaan tbat tbara wlll/^wo axas of agnmiwtxj Insta^ of ona. 
I4hen tMs araatara ia rotated, aiafs era izidac«l in all the 
parlj^eral cortflactora daa/«»» statlanarsf magnatic fkcc citad abov'n. Ih© 
4%if iiKhicad batwacm tto two Isruatos i s the al^otodc s u ^- o^ ^^ ^ ^^^ ir.<hirad 
in both tha axtamal ar;! intsrr-isl I f ^ r s . ?^BC&«a9 of tba syEsiatry of tha 
eeti^a layar'? an'i of th^ vmgB»tic fXxxx with rospact to tha above sir.ted 
biaaetor of the eornr."wtation aitis, tha nrjt mtf in Hicod bctvow tho brushos 
a and b ia ? ro. 
iha abova cjiiolaaion ean ba axt«Ddad to an eratatora ccdmaetad 
to a e<»iL-atator baarijog aiabw oi baruabaa earzyifie ourrwat into tha araaturo. 
If th& 3t&tor windiA^ carry so eurr«at ajod tha» sua of a l l the brush currar>t8 
being xa^Op tha algataraic mm oi tha iniuoad aiufs batuawx braah-xair 3 tak«n 
rooM the aroati ra ia s«ro. 
ibis raaolt is v»lld for an anlsotropie aaehina also provided 
tlie B&chine has an axis of symamtry along ih» ^a^ctora Bantioned abore. 
2'4 ffirath ffflTTW^t WA ^Fii^in »4fflfiMM <^ IIT1>gfrf» 
Consider * ^^tadyna with an erinaturo connect ad to a eoaeititator 
bMuring tn bruahffts axtxmd the periphary vith arbitrary sTifular dispoaitimui 
The stator h&a no eurr«mt earr^ing wirdli^s, providijng a lov reluctance 
path for the napietie fltix prodhiccd by the ai^Bture wiTiding curr mt^ . With 
refereance to Fig. 2»Z, l e t , 
a, b, Cf . . . , B be B nuosber of taraahM, 
^ » ^xj ^ t •'•» ^ ^ B braA current entering th« artaature, 
a Br C • 
i ^. 1^ » i , . . . . i „ be E arBature winding canrenta and 
ab' oc' ««' ' oa ^ 
r J. r^ ,^ r -, . . . , r be m arsatttre winding resiatmci^ 
whore r . i s the resistaaM of the eloekwiee bmneh of t ^ artsatore joining ao 
the hraxAi a to the brasAi h, and ao on. Allying Sirehhoff'a Current Law 
at eech faraah notki, the following relations are obtained. 
I . • i . - i , 
a &b na ' 
^b • ^be - =^ «b ' 
^^'^M^Hn . . . (2 .1) 
This constitutes a set of B acpatlona for m brush currwnts la ten&s 
of B ancattirs winding catrrants. As the algebraic SUB of a l l the faruafa 
currants i s z^ro, a l l tho brush eurrents are not iad^}^id«Dt saad only 
(B-1) oquaticms of the set are l in^rly inda^}eaclent. To detexvine the 
ffi aroiatora win-iin^ currsK t^s, oaos nore linearly ind^pKt^ent equxtion 
i s neoeseazy. 
Xb<» K wlnlinK eurrcnts flowing i n tho Ana ta r* eauaa 
^rol^afQ droi £ t o occur aeross the winding resistasiBAs. Th« algebraic 
of ':'ll t.»',r.> ir«;ilta,fe dror^a »^ '^ 3itt.'••'.l the wbole armatura i s ^iron iy 
wb«r« r , , , l.i th-s rQsiJstftui'e oi tlie cloak«wia« liranch of th^ axBJature 
joinin^^ hnsfih ••>• t o >B:^ J # (iJ^I). Also, the varioua ^»rn!stUTa wiaiinj^ currsnts 
produc«» corre-^rosviinft T*£TiBtl.c riiiires, /iLsa the tsuaature i s rotated at a 
«nl.fbrjr. aio^tilar ar.ss'sd, -'^ .f i^ irr;tJc.i.2 In <*»ch of the p«i-3rh'?ral con.:{uctor© 
of the vH.H'^ ijig. I f " r <\ i^ th-^ eaf IndttCtgA between, the btuahaa g -^rvi. 
{fM) ftue t o thi? n:sgE:»t:?c flti? j.ir:<luc«d by e l l trie txns.xAxi<3 v-dniinps, the 
sons of th€! indhjcsd ewfs frfnxnr? *>\9 uh^la «djfidlnr i s .'*iv«3sr'. by 
AppJyiiiif? Kirchlif ii*3 Voltssto I^w for th« 3o<^ fonsed *y closed anngitare 
vinding, the alg^hraic aiai of tba voltftg» drops across thR eraiatura wiiifin^ 
re-sistancea i.% equal to tha sjlgetsfslc amn of tr>« in^tucsd 8mf& around the 
loop. Hones 
S I Vi?+1) ^£{.»-l'l) * S _ '-, g ^ g ) g(l?*0 ' ^ '^g(e*1) . . . (2.?) 
As th» s t a to r has BO carrflnt carrying windij»|^3 snd tb« sisin^atic flux i s 
tkio t o «3raBatiiro currants oBlyj tha nat amf iirhjcad nroimd tha anr;ataro 
wlndirjjj ta saiTti, in visfw of the axplrwatioai giTan in Sactlon 2 . 3 . Hanca 
V«*1) Vg*l) '^ ^ ...(2.3) 
Sqn8,(2.1) emi (2.3) constitwts a set of B linearly 
iiid«p«id«nt rslatl<»i8 betwaan • anatara winding eurranta in tanna of 
(aK>1) ind^ >a9Dd«nt brarii eorraaata. This ijcplioa that ttaa syatan of currants 
in tlia anMKtara windlnigs i s imiquely datandnad tram a giTWs ^ataat of 
brush currerts. Thia raaolt ia indapandant of aqy emta indoead in tha 
amatura, the sj «ed of rotati<m and the diartribntion of Esignetic flux. 
^•$ Canonical Currantat 
The datandnation of anaatare winding currants for a 
Matadyna providad with a large ntabar oi bruahaa par eytHa is aora 
eoBbaraona than that in tha casa of an ordinary d.c. sachino. To ovar-
eoma this difflewaty, tha ©onc^t of "Canonical" ^ staiB oi eurranta is 
••ployad. " A Canonical curraKt is a carrant that ertera tha a3:*Eiatara 
by^  one bmah and laavas it Ijgr arK}thar brush". Tha sapiitoda of tha 
current at both the bruahaa is acmal bat tha diraction is op^sits. 
A eancmicil currant, thus, raquix^a two bruahaa to be idantiCLod 
idaaraas a hru^ current is idantiflad iQr a sirigla hxnsSn throui^ which 
it c^ara tha amatura. 
A given sjjrstan of bratii currants entering an amatura 
can be replaced lay saans of an "aqoiTalant" eanonieal eunnmt i^stan. 
The armature winding eurranta, tha Bagnatie flux produced and tha «»fs 
induced in tha windings are sasa in both tha asrstaiia of euzrenta. 
L • brush currant ant ^rin§ tha araatara through h hru^, 
JL • canonical currant anterinf ! hrou^ h brush wad leaving bjr g iattsh, 
I^ j^  « canonical currant entarin^ througli X brush and leaving by h brush. 
Th« mm of a l l th« canonical earroBts ontaring throui^ h bru^ i s , 
tbmnlar; girmi tgr 
m 
Whilst ths mm of aH tbs e«i€»iieal eurronts losving ^ tbo h teust ia 
givsn Iqr 
§; I^ch 
il«»e« tfas tanuAi currant, Ij^ ean bo vqpirossod ao 
h gwa k"a . . . ^ Z . 4 j 
In tho ahova smnationa g^ and k»li aoiv to ba axeludad. 
It can ba amn frwi tba abora oqaatitm, that tha aouivalant 
canoaical currant systam for a glvain braah current qratae i s not uniqpia. 
Xbt mabar of coaibLBations of m brushae takan tvo at a tiea ia aq i^al to 
B(a»1). Tha oagnit^a of tha euiranta at tha two faruafeaa of a canonical 
pair baing acpial, the naxiiBaB nuvbar of eaaonioal eorranta possibla ia 
jl B(B-1) only, dot a l l of thasa eaacnrdeal earranta ara not iadapandant. 
Aa tha aBOntoar of indapandwit brush eurraRta ia 0BI7 (»-1), out of a l l tha 
poasdble canonical eurrants only (n-'l) eaaonieal eurraafts ara linoarly 
iadapand«st« Gwiorally, a eaaaBieal «irra«t lystaB «fith (B»>1 ) indapandaot 
curranta i s selaeted to raplaca a givwa brush cttrrant ^jrstan. '^ •K»^ Ke«*>*^ w 
i s ona such sat of (»-t) euRtmta. 
Let tts eonslAtr a K«tad^«, with no earront earzying stator 
windings. To invsatigate tha ijttAaetian of «ffifa in tha axnatara dua to 
araatara euxTwita asd tha povar ralationaliipsy iA» foUovlAg aasaqptioms 
ara aada. 
1. Tha aaehina i s isotropie 
2. hacnatle circuit ia unaatar&tadi 
3 . Aneatura windlnga ara f\]ll pitehad, 
RafarriB^ to fig. Z,S, la t tbara ba pLaead s sombar of 
bru^bas on t)M n^sutater of aa amatGura emrrying m faruah currants. Aa 
axplaiaad in Saction 2.4, this bras^ eurr^mt iqrstaB e«i ba raplaead lagr 
an aquivaloBt ean<»iieal enrrwtt igratw trtth ( B - 1 ) iniqp«ndaiit oorrMata. 
Tbaaa ourrMxta prodaea jMi^ Mtie flux in tiia air gap. »&(m tha amatora 
ia rotatad at a tinlfbm angolar ^paad, aefs ara indncai in tha armatura 
«indin< a. ftar an n htatSa. ajtitmt, tba BaxiaKOB nambar of anfa tbact esa ba 
•Maorad ba^iaan tha bnaahaa ia •(»>1)* Howavwr, t te in»bar of lin^urly 
iad^aadant ca£i^ vb±<^ can ba ohoaan arhlti«rily» ia cusly (a-1). 
I f ths «Bif indoead batvaan loual^ a and b daa to tha 
Bagnatie flux producad 1^ tha canonical carr^nt I . ba P ^ tha «»f indoead 
baWaan t ^ Euasa brush-pair dua to tb«) rsagnatic flux produead bgr a l l (u-1) 
eanonieal curmxta, S j . i s givan by 
^ab* W ^^ . . . (2.5) 
fhia tsf can alao ba a^praaaad in tarna of tha eanonieal eurrants thasiaalvaa 
as shown balow 
-'^^a^nc^ gh, 
o*f n ^ , 
Tharefore, 
^ • " ^ ^ \h . . . (2 .6) 
n a cngnlar ir»loeity of th« amatare in radian / M C . , 
(4) . • sai^aatie fboc {^ rodaead l9gr tha eanenieal current I ^ and 
K^ ^ ia the ecmatant of proporti(»iality and baa tha dlnKiaioa of 
ao 
indoetanoa. 
Frcn aquatimia (£.5) ani (2.6), na gat ttaa "fandasantal Group of Ketadyna 
Ec^ oaticma", 
Tbia acfoatior. in lEatrix tom v i l l ba 
[\] •" Prr] [^ r] ...(2.«) 
yith ( B - I ) iad«paBd«3t imi^-pair astfla andl (»-l) indi^ >«adant eanonical 
c«irrant8,tha K i s a sqaira aatriz of ord«r (s-1), Th* datenaisatlon 
2 
of th» (B-1) alaeants of thia K^ Mitrlx i s basic tar tha analysis of th» 
Mata^ jma, tat al l thMS alaeiants ara not indap«nd«nt and following rolatlon-
ahips can bs ^howi to hold batuaen tbam. 
>^ • ^ • - ' ' * -
U) K^ . - K g . 
i l l ) l ^ . . K * * , md ao ab 
iv) K^ « 0 ga 
0 H«aca tha Bain didpial aLeiisnta of tha K matrix ars ^«ro and ths 
mtrix Also beconas dcsv-^ytneMtrieal. Th« nombttr of iod^pendant •liownta 
i s rwlK t^td to ^(B*1}(B»-2). 
Consldur an Isotropic l> t^a(ijD« ulthoat earr^nts, ia thm 
•tatwr windings. L«ft &^ isL, . . . , S. and I^-, 3 ^ , •••« I^^ ba tha (BJ-I) 
indapandant teuah-pair indacad aaifa «id eanoaieal eurrant agrataaui ralatad 
tajSr iSqn. (2.S). If tha <dade losaaa in tha araatara winding ara n^actad, 
tha total alaetriaal poMr gan«ratad in tha i<otating amatora i s girmx fegr 
^-Wt M 
"°|jr] t | \ ^ \\\ ...(2.10) 
As K i s a flkav iqra!»atrieal Mftrix and n i s a aoalas>, tha product of 
tho thraa »&trieas on th9 right hand aittrn of tha abova aquation ±B aaro i .a . 
i « C .. .(2.11) 
As tha algaorsic sms of ii^ x&t and outpat alaotrioal yousiv i s zero, tha 
iy^ stad^ ima opwratas .s a Iraasforaor, transforming i^jot eimtmts into oat{nt 
ciurrants, ganara.2^ diffarant £ros the formr. th» Ketac^a i s , thus, able 
to transfoxa currants mv^n wi&h no aunr^it earxying windings on the stauir, 
a faatura a&t poasibla in an ordinary d.o. aaehina. It i s bacaasa of thia 
aingalar proparty t i^at tha aiacMna dariiwi i t s nasM tram tha Grn^ 
Jir03(.uc<r, in tMch tha propositica H<.To<> ajc^assas "Iranafomation". 
2.3 SUtor WijBdiafist 
In a Hatadyna, thmra ara nora miatb«* of bniahas par eyda 
than that in tha casa of an ordinary d.c. nachlna. 3E}th tiia radial loeatior 
of the •agBBtle ax»» of tto stator tdniings and i t s angular sproad may 
differ widaly dopanding upon the parfbnaanea charaetaristioa raquirad. 
A dtator winding my ba eoimaetad to an indapwndant auj^ly 
soiarea. Ilia nagnatic ftox procteoad Igr i t i s not ai^aetad bgr annatura 
enrrants proridad tha cagiMrtic path i s unsatoxaiad. 3iieh a winding i s 
callad an •Iwlap«^«jt*' or •*Variator" winding. 
A stator winding nay also bs eonaaetad across any two 
braidiaa of ths Matadyne. All factors which affeet tha mat induoad in the 
brush'i^ ^air will also affect tha earrsnt in this stator windijag. Such a 
winding i s cOLlod a "Stunt" winding. 
A statcur winding rmy as wall be ccaxMctad in aarias with 
any otia of the brasAias oxid eamca tlM%t brush curz'^nt. duch % u-iadi^ig i s 
callad & "^ries" wiiiding, A tarush curr^t tfldah snters an armature CMX 
flow thrott#i iBore than one path bsfore i t s circuit i s closed through tha 
series stator windiRg. 
The dynattle aetion of a awries atstor winding i s definad 
for and dapttnda v^paa the particular olosad c i m d t considm^. On tha 
basis of dymsic action^ bhe aeries windings ere elasaifiad as Ibllowst-
(i) If sagnetic :0.t}x produced isy tha series winding carrying 
s^ rosh currwxt indoees an enf in the eireoit in tha sans direction as the 
tausli enrrettt i tself , tha wiadiag i s eallad a " Sisxilating " winding. 
On the Gthar hand, i f the direetlcm of the mm£ ia Of^site to l^iat of 
trash current i t i s cidled e "3t«biliri»g* winding, 
( i i ) If the series winding produces a magnatie flux ia i^ace 
whidi has a yoBpqatSBft aLc^ ig tha sasw direction as the teiagnatie Hvx pro-
cbiced ty tha bnt^ current, with respect to the closed circuit eonsiitored, 
i t i s called m •A«pllQrlng» winding. On the other hand, i f the two oagneUc 
a « x . . cited above era in appeaitien, i t i s callad a «C«,)«»sating'' winding. 
This Is ftirtb«r speeifisd as "^^po-eooqpwiMtiag", "ftill-Coopensating" or 
'HCypcr-eoqpMisatiJig'' idading dspanding tqpm vhathsr th» stator saaries 
fdjnding nagnetle flux ccxaixmant i s lass tbaxi, aqoal to or ere«iter than 
amatora atagnatie £Utx dtt« to tha iaraah current. 
Lat us (Mjnaidar a Kat^^a, with eorraait earxying stator 
windingsdeai^aatad ta|^a(, ^  •••«'i> » ^)^ «^ arcjatura trith Isrushaa iaai^atad 
tgr a»b» .••» m. All tha atator vinlings ax9 e(Hir«aeted to indapandant mpjply 
sottTcaa aiid thara are no bruah eorrants* Tha araatnra i s rotatai at n. 
uflifoxB angalar spead of n radions p ^ saeond* If tha eatf induced bstmwa 
tha bruahaa a and b dua to tha eurrwoit I ^ , in tha stator winding ba, E^j. 
tha stator windings ia givan tgr 
^«b • r«o^ *^ . . .(2.12) 
i4»ra 
Ih. <» . f f l e i« t K^ in th . rt«« « p . t i « . 1 . . omurtart of proportlormllty 
and haa tha disacnsLmi of indoetasea* froB aquatl«na (2.12) and (2.13), 
w» g«t ^ 
-ab-'^ f s -oc^b ^r •••<2-^^) 
Thia acfaatiffli la tto natarix faun win ba 
l^-" H [''I •••"•"' 
Tbs nSEbor of braidH>a^ •n^* ^^ ^ ^ba nombar of atator windings ara 
ifid^pandant. TfaoSf K i s , !» ganaral, a roetangalar natrix. Tha aloesanta 
of tld>8 K aatrix dapaed upon tha diqwaition of tha •arioiia stator 
windings with r«apeet to th« braah agrvten. TIMM «lMienta ar« not int«r-
r«lat*d as in the eass of ths el^Mnts of K actrix. Thsss alSBsnts, 
hoMWvsr, can be dstsminad sixpsriBsntally* 
2.10 Qsnsral VrntBdmrn Stauationsi 
Ths bmab-pair snfs for a Mstad^ jms «rith s^arataLy sxcitsd 
stator %djndiii{-8 and for & giirsB \XVLA earrant i(fstsB esn raadily bo writtwi 
ttom •cfaaitiana (2.7) and (2.14.) &• 
S , • n 
ab ^ "Sv*"!-. o( ab .. .(2.16) 
This seiaatiMi iri ths satrix fom will bs 
3]'"H[M *" E rn '.1 . . . ( 2 .17 ) 
^^sflsetiag ths amstttrs winding oheie lossss, tlw total slsetrioal powsr 
gsgnsratsd in the rotating amators i s giTnt \g' 
• n K_ 
rs 
. . . ( 2 . I S ) 
. . . (2 .19 ) 
^ equations (2.10 wad (2.11), ths 
Urst twrv on the r i | ^ hand aids of ths ataovs sqaation i s amro, Thsrsfors 
- » [ U t U [^ a] . . . ( 2 .20 ) 
Consldsring ths r i ^ hand aids of equation (2.S0), the total sLsctriesl 
powsr gsBsrated in ths amaters, P, SSQT bs te ths poaitire, negative or 
ssro. The terms on ths right hand sids of sqoction (2.18) nay sither be 
(i) a l l posltivtt (11) all mgativ* or (HI) SOBM positlT* azid others 
negatlv*. 
In caM (1) the Katadyno opwata axelttalTttly as a gw^^ r^ator 
and la called "Katag«nsrator".In easQ (11) the Metadyne operates exclusively 
AR a aotor eond la called a "l^ et^ ^BOtor". In ease (111) vhen the aaic of al l 
the teres la poaltlve* the Metad^ jme opM^tes as g«n«rator ani transfonner 
slaaltaneoaaHy viille i t operates sioaltaneoaaly as a motor and transfonaer 
If the sua of a l l the terns Is aeatfcif. Fbrther^ If the SUUD i s sero» the 
Metadjrae c^perates exclusiTely es a translbxiMr and Is called a "Meta-
translbraier". 
AssuBlng that the eleetrosagnetle torque Is nepitlTe for 
generator action,the torqne eorre^pondlng to the power P in eqaatlon(2.20) 
la 
ZiTn 
•iV[lr]t [•'„][»,] •••<^ -^ ') 
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3.1 . iff^fff^jytftea* 
In this C}Mpt«r> pcarfonane* of erouli«Id MMMSM M 
MSTonoters io analyMd. TIMI nuajsia i s arsstrietsd to onlj those 
essss ia idiieh tahsrsnt s leetrissl daafdng i s prsssnt» i . s . tbs 
stasd^sUrts torqas-qpssd eliaratctwristies i s a ^udly of straight 
lines vith nacatite al&pm. Tins the scm-liasar cases ten elesrly 
axBlttded and tbe tnnsfar ftmoticm ean be given as a ratio of two 
polynesdi^a in the eoaplax Tarialailea. 
Depending tipon the aode of inter-eosmeetifma betwaen 
•ariotts windings, different types of serrosotors are defined. The 
siarplest of a l l , n.%, the ordinarjr d.c. aervonoter i s ttaas defined 
as type 0 senweter . The aetaating signal iroltage i s iq;jplied to 
the anatore of Typ* I to T p^e T servonotors whilst in servoaiotors 
of Type VI to type VIII, the signal ipoltage i s iq^ pU-^ d aeroaa a 
statm- winding. Thus the for«ar t^ jrp** of senronotors aay be ealled 
as "ArBatar9>Controlled" and the latter as ''Field-CcMitroUed* 
Jenrwiotors. 
For the porpose of analyidLs of the servcMOt«r perfsraance, 
the Toltage ecpations are first obtained witii -Uie help of relevant 
eonnectioa awtrix. rhMi the expression for instantaneeaa electro-
siacDetie tmrque i s fbnnd* ^ setting Uierein "p" equal to aero the 
ejqaresaion for tbs steedy-atate tnrque i s aaxt detezwined. Finally, 
tctm tb* e<»isid«ratio& of aqpiatioii of sotion and th« in«tantaiuMas 
torqas, the transfer ftmetioa of tho sozroBotor Is i^ainod. 
In Hg. 3.1, a prlaitiv* fom of a eroas-fiold Baehina 
i s irihowny having tfarao stator windings and two pairs of taroiribos. 
The Tolta^ natrix a(;aatio8i for tha aaehina ia giTsn fegr 
M-[ .« ] [ i ' ] ...13.1) 
Tha awBo in ai^ wndad fwra i s givan bgr Sqpi.(3»2}. 
In a gmaral eroaa-fiald naehina, Oiara can ba axjgr nwbar 
of statttr windings on tha diraet and cpadratora axas. In tha prasant 
work, howanrar^  tha naitaar of stator %rindings ara rastrietad to thraa 
ofOy; two on tha diraet axis and oea tlw <|Badratars axia. A e<«ata»t 
currant ia swit thro»|^ tha qioadrattira or diraet axis brushaa. Tim 
actuating signal mgr ha givan to tha aroatara bantahaa on aithar axis 
or to any <ma of tha diraet axis statw windini^, Tbs OUMMT uirAii^ 
can ba uaad for wxliQring tha eharaetaristios of tha 
Oopanding v^ poa tha iHtMP-eoimaetiNEui of the anuitttra vad 
fiald windinga of tlw prindtiva naehina, diffarant typaa of erosa^ 
tialA. aarvraaotora with distinot eharaet«risties can be obtalaad. Tha 
voltaga natrix aquation for tha eonnaetad sneh^bia i s givan bgr 
[ T ] « [ . ] [ i ] , ...(3.3) 
t^ara tha eorrasxt, voltaga and iqpadanea aairieaa involvad in tha 
abora aqptaticm, with tha eoodition of imrarianea of powar, ara aa followat 
VMd «• a BBxromotor in oontrol aytitma, Tvo of thm ln^ xMrtant aodsa 
of aiqplleation aro 
1) snutmro-eontroU^d d,c. Botor vith eonatant flald eorrwit, azxi 
i i ) flold-ecQSfciollad d.e. aotor vith eonsiaost amatara carrant. 
The eaoatant-carrant oaore; in the latt«r case i s ttpproximecMXy obtaisad 
•ithar bgr an elactronle (or aoXid atata) dorriea for aoall povwn, or 
eonstant-corrwit ganarator for ralativaly lax^a powara. A constant voltaga 
source with a "rery h i ^ raaiataaee in awriaa will alao approach a oonatant 
eurr t^nt -aooree* 
3.3.1. hPB^^m^-^fnPSS^,' 
A atator winding cm the direct axia is eonneeted to a constant 
•oltagd aooree and the actuating aignal is given to the qaadratnre axis 
bmsbaa. 
The eonnaction satrix ia givKi Fig. 3.2(b). In Tiev of 
Eqna. (3.2), (3.3) md (3.4), the «ipanded fom of the Toltaga natrix 
eqaation fbr thia aaohine ia 
m R • L P 
a q hd'' 
i.T<: 
...(3.0/ 
Ani itxm Bqn. (3.6), the instantaneous tortpe developed la^ the aotor i: 
^-^doC^^^q ...(3.9) 
On •anstitutinr the expre dlon for i obtained from Son. (3.8) in the 
q ^ 
above equation, wo get, fw a constant field cwrront, l^, 
iv •L P 
. » q . 
i - , 2 2 -1 
• « 
:M. •oC 
R • L P 
a q 
. . . (3 .10 ) 
T\m st«ady<»st8t« toarqua, th«rf»fior», ia 
^d^^^^ ? -
q 
2 2 ~1 
R . . . (3 .11) 
Taking Uplacea transfJonsB of iSqns. (3.10) ant' (3.7) , with 
saro i n i t i a l eonditioas, wa gat tha transfer i^inetioa of tha aorvo motor 
G(8) G(a) R(aT 2UL 
o(«) 
- i^^2"^ ^1» 
...(3.12) 
lAiara th@ a and b coaffieiants of tha polynotd^ials ara glTan in Tabia I. 
3.3.2. Fiald«^ntrol; 
A constant oarrant is passad throagh tha qaadratora axis 
brashaa and tha aetuatinf signal ia ai^liad to a atator vinding on tha 
direct axis. 
Tha cmanaetiem Matrix^ tba Toltaga aatrix and tha instantanaoas 
torcjas aqnations fbr this Bsohina ara aasta aa tlu>aa of the previous aaehlna. 
I'faas on snbstitutiisg tha nqsraasion for ioc obtained froai Eqn.(3.d) In the 
%a. (3.9), «M gat for constant araatura eurraixt, I , the axprasslon for 
tha instantaneoaa torque developed aa 
u •oc ...(3.13) 
Tb« stoady-stats torqae, obvloasly, is 
¥•] \ .••(3*14^ 
faking Leplaoa's transfons of &qn«« (3.13) nxA (3*7), 
with z«ro init ia l eonditiona, the trauafer ftuaetioa of tha aeirvooiotor 
i s obtained as 
a(a) ...(3.15) 
_3 « 
*t> 
irtuuro th« a and b ooaffieianta of tha polynoBi^^a ara sat oat 
in labia I , 
In Flf. 3.3(a)» th» elreoit diagrav of t\m sin^lsst typa 
of erosft-fiald sanroaiotor i s shotm. A eonatant enrront ia pasaod thzoa^ 
the direct axis brushes nd actuating 8ig»&l i s giran to th« qaadratare 
axia bruahas. The stator carries no currttnt-earxyin^ windings. 
The connacticm aatrix i s givos in Fig.3«3(b). In view 
of EQns(3.2), (3.3) and (3.4)< the sspanded fons of the voltage »atrlx 
equatloti for this machins^  i s 
R + L.P 
a d 
<1 
*Ln 
R • L F 
* q 
. . .(3.16) 
and fron gqn.(3.6), the instantaneous turqae developed Igr the motor i s 
^ - <^ d - V^d \' . . . (3.17) 
Ob mbftitatiBg thB mis^BWicm tor 1 . obtciMd from i(9u(3.l6}» la th« 
«l»r* •qpirtiAD* IM g«t, jtoor a eaiuit«iit eummt i^(l.*. I^ )» 
m • 
with 
© • 
[(•-. - «-.J ^ *" I-.- RL, - I.) L, ^1 L • • * ' ' ' i * J 
•ftat* toniw^ thantan, la 
[<«•«-«•.>.»/ 
L «. J \ -
'(^^'''.)'-44' 
_ "v J 
. . . 0 . 1 8 ) 
. . . (3.19) 
Siddag Lflsil£««*s traaaltowi »f B9ui.(3.7) aMt (3.10), 
iBlUal eoBdltlMMiy v» eat* tte tnnafar fiiaeU«n of tha 
s(») 
• » r • • • • • a.a 
. . .(3.20) 
tha a «d b eoaffiaiaiiita of tlia palyaMiinala ava gimMB in Tabla X 
3-5II8UI. 
IMs aarvoaoter* aa iiiein i» Fig. 3.4^(a), diffinra firoa 
tha fffM I sarvwBotor in that tlMt aa «q»IiQriag atator vjndiag la 
fowridUKl 9B tba diraet aida meA la conawtad in aariaa aith tha diraet 
tad.9 tett^fiaa and iMaea eanriaa tha eoaatant ommBt I d. 
Tha eanaaetioa aatslx i s gifaci in Fig, 3.4(b}. In Tlaw 
•£ Sqna. (3.2)9(3.3) and (3* )^» tha aiqpaodad fb» of tha v^taga aqoation, 
fhr ^da naahina la 
vdmf 
h-'H^ 
<^d*^doC>» 
S - d^ • <^^  
-La 
v \ p 
and 
. . .(3.21) 
The inotaataiweas torcpm d«v«lqp«i IQT th« motor, in •!«« of Sqn:(3.6}, 
tbmftorm, i« 
^ • ( ^ d ^ ^ d o i - V ^ d V ...0.22) 
QB aubatitating tlM «qpr«8«ioii for 1 , ebtaiiMd Aram BqpEi.(3.2l), in tho 
ftbovo oqa«tioe» wi g«t» for a oonataart eiinr«tt I^ 
R • L p 
•('•.-'•..-'•,)('•-«'•a. ) ^ 1 
R ' . ^ ^ P 
. . .(3.23) 
Tho stoady-stoto torqao, tbor«f«ro, ia 
B 
R K ...(3.24) 
Taking Laplaco'a tranafona of aqpaa. (3.7) and (3.23)» with 
soro init ial eonditimaa, wo got tbe tranafor Ametlsi of tho notor aa 
"<•) --ifSf-"-HS 
• j * ' • i ^ / * * f • . . .0 .25) 
ulMM ttai a ral b eo«flieiMBito t ti» polyvemUU sr* £iY«& ia T&bla X. 
Th« eemwctioa di««rw of thia »tor i» Atnm 1» 
fi«. 3,5(«). It «lff«ra ftt» tha Typa H Motor <aily ia tha awttod of 
margiMm *^» w^ifylng stator vlnliiif whieh i» oo«» eomiaeiad to $A 
i]iii«p«Ml«Rt pcHMHT JMpply lf»t«wl of boisg MnoM!t«l Iffl »«1«« «itb tb» 
diraet axis bsuiAMi, 
Tha e«aaaetioe MtUrlx fbr tbls c&elilBa ia givwi in Hf,3.5(b). 
Ia •!•!# of, aa baftea, Scpa. (3^) , (3.3) and (3.4), tha aHpanda«* fttt» of 
tba fvltaga aatrlx a<iiiatioB baeoMa 
\*v 
L^ 
HkP 
* L n 
<l 
\*v 
hc^^ 
hd^ 
Ro<*^^P 
. . .(3.26) 
fba inatanUaaoas taxxioa daval^ pad ly tb» aator, ia viair of Sqp.(3.6), 
' " ^ - t 
- • < ^ i - V ^ i S ^d^s *<^  . . .(3.27) 
:x-^  \^  
If tb* «xprM8ion for i from Sqa. (3.26) ia tums of 1. and i v l s 
•abstltatad ia the aibof •qnation, i t baeo««8 
R • 
a 
h p 
. . .(3.28) 
The «t«tor winding e«a bo onorgisod oithor tnm a constant-
earrwxt aoureo or a eoastant voltac* aearM. Conaldaring firat tho eaaa 
of o<»iataBt axeitatiMi eurrwot, I^ , in tbm ampHiyiag winding, tba 
aiipraaaioR for tha infltantanaotta torqaa dairalopad in riaw of tha abovo 
aqoation, baeosaa 
%-KK*'-ic<}-^ 
R_ • L 
•^ 
{(••d-V^d*W»o^]<''d'd*W^) 
B, • L P 
Tha staad^atata tortjaa, in this easa, tb«rafi»ra, ia 
. . .(3.29) 
R_ 
l<^d' o^>^ d ^ W^4<^d d^ * ^d^^^) 
S 
...(3.3C) 
Taking tho Laplaev'a tmoBtorma of fSq^a, 0*7) and 
(3*29)> tlM trtaMtmr Jtenetiop of th« aotor i s Ibuad as 
"(•'--^--Hif 
• ^ s ' * tj^s '*^  «^ • 
...(3.31) 
idwro tho a and h eooffleitnta of tim polynoodLala arm fpL'Wii in Table I . 
If the stator winding i s anargised froo A ccmstant tr,ltag* 
soiuroa, after the in i t ia l traasimxt, the eorrect in this winding attains 
the steady state Taltte Ij, <* V^^^ • ^^^^w, i f the signal voltage i s 
ispressedf the aaehine behaves as i f the stetor winding i s being siiq;qxlied 
throng a oonstant.eurrmxt source. 
3*7 Type IV Serwetort 
In the foaehine in Hg. 3.6(a}^ a eonstant ecurrent i s swat 
tiirsiigh the qaadzmtare axis brashes and the estaating dgaal i s given 
to the direct axis famshes. The lgrper<-<MMq>«)tsating winding en the stator 
i s <K»aieeted in series with the qfuiadrature axis bniebes and ttaas eesries 
the ssMi eonstant earrent. 
The eonaiactimi aalurix fbr this naehii^ i? i s shown in 
"* Mh). The voltage F.atrix equation for fM.a wehins, therefore. 
1 
L^ _. 
\*h^ 
^ d " 
< V - V » 
\*'-9' 
' 
1 -^
i q 
...(3.32) 
f 
(^AWTtt 
R * B • R 
Ths instaniamoiis torque d«v*Iep«l Igr tb« aotesr. In vUir of &|n.(3.6} i s 
« - t^ d • V " V S *^di ...(3.33) 
With a ooiMttent emrmsit, X • tho aaqprosaloii for iziatimtB^eKt torqiM, 
on attbaitating tlw ooq^ rosaiMi for i . obtaiaod fras Ek|D«(3*32} la tlio 
•bevo oifBation, 
...(3.34) 
Tte attttt^jr-stato t<»n|B^ thMroftro, i« 
'^•d • V - V 
<'-«*v-v<v-v ...(3.J5) 
Tlu traw£.r ftnctjen for thla aarvQwit.r 1. glv«i 1^ 
-<-> - Kf} - "?ifir * 
0(a) 
t j g ' • a^a • «^ a 
...(3.36) 
vlMHna 1 ^ a «nd b ooaffleiwta of th» pol^osiala ara aat out ia Tabla I. 
3.^ IxsLLMsssaHaL* 
ffiiB m^tAdm, vM« Fig. 3.7C»), dlffws ttom th« piwloiM 
tm9 in that thftt tlM i]grp«0twe^ B|)«>mUim; tfi&etiag on tbm qptadntmr* inds 
ia e<»»Mt«d to an ix^jmi^nt mMTt!9 ol a^ p^3^ « 
th* eoiamotioii Mtrix of thit aMhlm ! • ^aoum in flt»3.7(b). 
Th« voltag* matrix MiiMitiatt fto this sia^ !>iil!ia i s 
i~ 
• I.^p 
L^a 
» If 8 
• L^p 
L p 
"r • "-r » L- i 
HM iastwctanMits tttrqa* im^ajoipmA l^ r tiMi ootor, witli & ecmsUsit 
aun'wity Z^ f i0 
• [<^d-V^q*V^" ...D.ia) 
If th» fafpflSwee^pMiaatiiii; vittHnf le eltpo oowtaet^a to «n«3!itM»r e«mctsait 
eumost MSONM, I ^ tlHi «bffv» fM|Hawtia% «i mlMtitatiRg ^ M «iqper*aiid<» 
f«r i^ firoM Sqp. 0.37)« radoMW to 
r<! iz jk>i i jL^ 
B. • L^  p 
> _ i a a flg r / or "ir a Q* 
\ • % IP 
...O.II) 
the 8t^idy*«tsta torqu«, therefor*. Is 
U 
* 
^d 
iJiiLrS^^WJiV^-SV 
\ 
...(3.40) 
fhe trsnsfsr fimeticaa of thA votor in tb* pnamxt ease i« 
o(«) . — s fig , ...(3.41) 
uiktrs tlM a Mad b oo«ffleicHDt8 of th» polynosdals arm §!•«» in T >ia« I . 
fhm abor» r»aalta ranain unalt«red «fv«n i f the tagrpvr-
oo«|:i4m8atii}g winding i s aiMnrgiaad ttcm a mmstani "voltacv soure* as 
indieat«i in Ssctijoa 3.6. 
3.9 farpf Yi Mras^OL* 
fha cirottit diafrast of this t g ^ of saohin* i s shown in 
^ £ . 3.B(a). AH the s»tors oo far disettssad ar» BrBatar*<.e(»xtroGLlad 
t^«rsas this ona i s fl«ld'-controllsd. So, tbs sete&tiag si^nga i s givsn 
to ths ststor vindini^ oL ,on tha direct axis. A IqrpsxwooBpcBsating winding;, 
6« on the 8«as axis i s etitoMcied in ssarias with ^ * direet aadLs bru^bss, 
ths i^tole ciresdt being short short eireaited throogh a eurrsnt li?iiting 
resietancs R. Ths jtjadratJjrs asds tazuibss are ec^ MN»t«d to a eonstant -
eurrsnt soorcs. 
Him eormaction satrix of tho ttsohiiw i s givsn in ?lg.3.d(b). 
M^ ^wltaga »«itrii£ mfasxd^u of this Eachins i s 
« D * S P - L n <V"^^5^P 
^oC j 1 (L^oi " ^ o i ^ ^ 
R ••• L p 
^d '^* 
Bo^* V P 
vher* Bj, - E^ • R^ • R , and 
...(3.42) 
Tho instairtaiuMas tfarqu« der^loped bgr the motor, with constant current 
I , i s 
q 
^ • I 'xj io< I - (I'^fl + L - L , ) i - I dot o( q ^ dj6 q d' d q 
. . .(3.43) 
Substituting th« sxpression for i . and i^frcan Bqn.(3.42) in terms of 
v^ f i n the above Iequation, i t becomes 
f— 1 
I 
u 5 ^ ["-d^ <«D • I* P) • < V * S - ^-d^i-dK-Vs > PJ 
L L 
5 ^ { ^d^ ^ ^d. - V ^ >P * (^ d/5 * I-q - I'd) K * ^^ P) V " 
..(3.44) 
2 2 i ^ r s D(p) - (R^ • L^pXfljj ^Lp p) - (L^^ - L^^'^ p 
The steidy-state torqfae developed by the motor i s 
U X/ 
I^ L 
V " '"o* * "-I • ""o' H. . . . (3.45) 
-i 
Th& trsnat^r ttwcticm tar t h i s motor ia 
A •iJk 0(3) * "" X * 2 ...(3.46) 
%AMnr« ths • and b «wttfllei«sfc« of itw j^lymmimls AT* glTNi i s Table 1* 
3.10 IjTPf YH. f^ffiPOig^P 
Tli« coimactlon dl%3rgsB of tiie swtor ia :^ !(»is in Fig» 3.9(*). 
I t I s adBilar to th© 7^p@ Tl »>t>Qr ex»;«pt th&t an atf^ plil^ i^jag %rindiz)g i s 
e<»ai«ct«l in aerlMi vith tbo q|yiadr&t»ir9 axis bxu^tta «%! hance i t eai-riaa 
tha aane cxmata&t ettzrant I • 
1 
I'ha eo^gmctimk amtrbc of tita QaeMne i s gkwmi i a JUg* 3.9(b). 
the •oltage laaterix o£ tMs mitear i s 
Q 
[ J ^ 
a g ^ L g P 
-'<\ • V " 
\ • L^ P 
^^ot* ^^/35p 
a^/* 
^^  .:>f * ":x' i* 
f 
i 
• • ; 3 < 
I^MTtt 
. . .(3.47) 
isM 
The in3timtaK«ou3 tortpe iirwi2j!>|!#jd br tlw ssotor, vdth a ecmatant swrra t I ia 
Wq^oi-<\*V^^«l,6-V^q^ q d ...(3.-48) 
idMB tlie m^caentnLm fbr 1^ ffew Sc^. (3.47) i s suliatltttt«i! in th« 
above •camtimi, i t baeors«a 
I^( Sffi^pd f^ o(<J'4o<-M>p*^v*^p><^ /^s*VV^ j^! 
...(3.49) 
B Wi 
» ^iC ^^--r^<V"V^^3*V*Hi-V 
•..(3.5C) 
flM» trs&sftr Auaetlnk el th* nstor i« 
a(s) -iii^ -
•4 • «j ir • i^iT • ft^s 
...(3.51) 
iiiwr» til* a a»d b «o«f£iel«nt of th» pol^nndjiLii sr* gtvm ia Tabl* I . 
^•^1 iiygf '^a imBBEgi8£« 
HM eiMrdMetlcm ctisgrw Is i^ toiiB la flf . 3.10(a). In tMA 
easa tbs «sr; l i iy i i^ miediMig «B tba < i^a(ir«twn» axia i s ecokectad to an 
iniaipantimt «9^7 aottitw iaataaJ ofMUsf eomaetad la aarl^ a^ with tba 
imah aircHii. 
Tha cozmection matrix of tha machine is givan in 
Fig. 3.10(b). The Toltaga natrix aqoation of the machine, then, becomes 
*  I v s p 
^ wv-" ^ p 
-L n 
q 
a q** 
L p 
(V-^oC,s)p 
^d«^" 
Ro<*L^p 
-L ^ n 
qr ** 
V-r " 
...(3.52) 
i^ere H) • R^  • R^ • K , 
a 
and S-^d*%-^d6 
The instantaueous torcjae developed tsgr the motor^ vdth constant current I , is 
" - ^ d o ^ \ ^ ^ - (^^*V^"V^q*V^ ...(3.53) 
Sttbetituting the e:]q>re8sions for i . and i^firom Bqn. (4*52), with a 
constant current, I , in the stator winding, r, the instantaneous torque 
i s given by 
DTP) ^ 1 u 
V 
(L I • L I ) 
'^  O J ^ '' k d^.< ^ d^oC- S«>P • q^(^ d;S * \ - h^ (^ ^ * X^P) 
* r^ V^ '^^  * ^ ^ ^ ^ 1 n ...(3.54) 
The steady-state tozxpie, therefore, i s 
V - IT^ "-, \ * V V {^ I-d • \ - h> \ * Vr) 
H9nc»» tiM tran«far function of th« notor i s 
Q{») « 
bus • b. 
».a^ • ««ar • ««• • a-a 
. . .(3.55) 
. . .(3.56) 
vheors tbs a and b cosffleiwats of the polyniBiala ara aat oat in labia I . 
I'ha abova roaalta rasain taialtorad avan i f tha afflpliQring 
vindiijig i s an«argisad flHan a eonatant voltage soRiree as indicated in 
Section 3*6» 
1 (: 
-o -
\ 
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C H A P T S R - 4 
i^ f^CiTSSION AMD C0liClff3lQ»§ 
la Chapter 3, varlotts 'Sjp— ©f C3ro»»-ll«ld Mnrowytors 
an pr«8«ttt«d. Ik»a* frymatoru e«a b» gresQwd iHto two bread elMMs 
naaaly awjator^-controlltd aotors and fi.«lii-coat»oll*i BO*or». tbrnm 
tw C1BM999 are charBCteriatd ty th« Iflcation of the viJodiAg i . » . o» 
th» rotor or stator, to whieh tho actuatiag aignal iri^ta^ ia ijq>rosMd« 
Tho basic difforonces la th»M two claaaoa of notors, thoroibro, aro 
(1) tho tli»-con»t«nt of tho Ix^ pot circoit ani (11) r«tiag of tba 
control aiqpllfLar. 
4.t AnB>taro«Conteollad Moterat 
Aa BtttitloiMid la Soetixm 1,5*3, tb« «r»«tiiro-c(HEKbroll«d 
ordinary d.e» aorvoaotors havo adranta^M of liaaar terqao-ip««d 
chax«et«ri8tle with li^wreat oloetrlcal dmipiBg and Xov i^pot r«t«t«ae«. 
With wal l arstatar* elrvuit tiao-eoastaiife, ^ « tji^aisfar fiuietiea radueos 
to a awsoad ordor •(^uitioa ambling aiigilor aUbillaii^ circuits. 9at 
as a l l tho po»«nr rwplr«i, ia eaaa of an orcUaaxy d.c, larvoBotor hat 
to bo aiq^liad to tha araatnra, tha swrvo aapUflar naeda to be of 
laria capacity. All tha samttotors ««» Typ. I* to I>pa T ara anaatur*. 
contrtaiad ««d bancs possass .11 tha abora «iwi,t.ga.. Thasa aarto^tora, 
* Tha various Typaa of aanroMtors ara dafinad la Chaptar 3. 
how«v*r« hartt additional twtuna which are not fbond ia tha 
ozdlnazy i . e . motor, 
fha Typa I aotor i s tha aiaqplast of a l l tha eroaa-fiald 
notora. It naeda no atator vixiding and tha stator atractora aarvaa 
only to proTida a lov ralictanr:a path to tha nagnatie fhix prodaead 
\ff tha an«t«ra eurrarats. Tha torqua davalopad ia t>d8 swtor ia 
aaaanti^Uy dua to the aalianey of tha stator struetura. This typa 
of Botor, thmrafora, ean be used fbr amaH-^potmr a«nrD s7*taBs only. 
Unlike the eomrantioaal d.c. eotor, this t/yim of aarvoaotor racpiraa 
a eonstant-eammt aomrea tar i t s operation, which ai^pliea part 
of the ixfiat power to the aervocaeehaniaR. The conataBt-«arreRt 
aoorea, however, ean be of a anall rating and tfaaa can be an electronic 
device* 
The Type II arotea* ia a B»ii£ied torn of Type I aotor. 
The M^lifying wilding provided on the direct ajdM prodaeea greater 
stsllotorque airl eleetrieal damping. Fbr thia nmchine, even a non-
Mlient stater structure ean be used. Tim ratiag of the eonstant-curraBt 
aottree reqaired i s larger than that ia the previoaa ease beeaaae of i ta 
larfer ahare of the aeeheaieid pow<« developed and beccnse of the copper 
losaea ia the aqpUQring wii^liag* In Tiew of the aedifieation stated 
above, thia type of aaehina eaa be need for r^Lati'raly larg«r>powar 
servo aystans. Ia Type III aotor, fbrtlwr aodiHeation ia ineorporated 
Iff eouMoting the aBqpOLLQriBg wladiag to a eonst^nt-voltage soaree. This, 
not only, mlievea the constant-cnrrwat aoaree trcm applying the copper 
loss in the aspllQring winding, but elao introduces a f l ex ib l l i^ of 
operatitm. The stall~torq[U'!t and the dai^sing can be altered by vaxyiag 
the Qurrant in the anpliQring winding. 
r 
—» 
As stated 0Arli«r, th« {principle of opsratien of Typo I 
•orvosBtrtor ia baaod osi^ntially on •»ll<»ney of tho stator stmetnr** 
Tins, i f tlw lofnt tuntdft-rairs tor tho oonoiMt-earront aonreo and 
oetuatiag aifnaX ToltaiEO aro lBt««tmngod, tko sljOfio of the toixpo 
p^ood e^fti«et«ri*tle boeoBos pooitlvo rondoring tlM sorvomtor unstoblo, 
Thia InstaM l i ty e B fesjr rwMfrod ^ plaoisig « iQPpar-OQC p^onsatiag wiiiiiBi; 
Ml tho quwlraEtttro asdo. Thi^  has tho a^«iltlcHMil t^iirantafos of laeroaoo 
in th«! stall-tortiao and olsetrieal danping. lyps TV sorfocaoter nakas 
«•• of tho abovo prinoiplo. tte tht qtudravore aieUi, aretatoro-cod statero 
flsx op(4»so OMsh othar. Thna, in tMs typo of i^tor, s^tcuratiaB of 
nignatie eireai' J a not l i h ^ to oceor. With idontiealo/ niA f tdndinfs, 
the dampixm i s slightly redue^a for Motors with non-»\li9ct siator 
•tructttio. ^ r isotors with aaliant poIoa» hoth tlw stmll-torqae &nd the 
das^Lni la »li |htiy radueod. l^ obtatttliif aLaetrleal fiwptof, the 
hsrpar-cewpar.satii^ winding h a to ho ptt^'W'ly daadgnod *o tliat L i s 
groat«r than L • In Type f laotor, tho hyp«ir-oon^?«si«atine yindinc i s 
onwrgiaad bgr an indi^oniont voltage aearco. XMs rosolta i • eartaixt 
•dvanta^a eitod earlier in rofMrmoco to lyp^ III aormeoter bo 
eooditioB of iiihorar4i diwpijit tor this aotor i s that I 1^ should bo 
groator thaa t I . 
An otiimirs' fiald-oontroUod d.c» sotcMr has no inh«-«jt 
«i9ctrical dM^ii^, tho 8to«(dy-et«ito torqiio»«|>oad eharaettriatios beisf 
straif^ lix»ea arallsl to speed aada. fhs OR^re aon^potiMr CCMMS ttom 
the oonataat-enrraiit oourca. Thus tho control anplilier iwwia to be aisaU 
i^ateris and saturation probil-MM Mgr introdnc* non-linMirity in tha 
^]rst«B. TtM input r«actaiM« ia high and, thmn§eff the rasponM of 
th« servoaotor i s slow. Ths transfsr-Amction i s a third ordor •(juation, 
Ths torquo-spood eharaetaristiea of an ordinary fiold-
eostxolXsd oaliant p«jL« sorvoaotor ean ise aada qpood dmi^vxidmtA fegr 
placing a pair of hcttsbas in tlM direct axis and abort eireultini: 
ttasB tfaroogh a oorrent l iait ine resistor, 9at i t reaolts in a linearly 
rising torque-qpeed eharaeteristie which introduoes inatatllity into 
the agrstesi. This instability eaa» bovtmr, be reaored } ^ providing 
a I:i3rper>c(»tp«a8ating winding on the direct axis which i s e<»uieeted 
in series with the direct axis brash oirtnit. The adirantafs of the 
vise of this winding ia to provide eleetzleal daaping even with a Tnonr-
salient stator straetore. The 9tall-tMn|ae» howsiver, roRains vnalt«red. 
The operation of lype VI servoaotor i s baMKi on tihe above principle. 
The transfer Saaetixm of this aotor is« in geBezul« a foorth order 
eqaation. The order of this eqpiation ean be zwbieed to three i f the 
coeffleiaats of ooopling between o/ mad 5 winding and slse between and 
direct aads axioature windings are near unity. Hwiee the staMXisation 
problaa i s not more acute than that fbr the ordinary field-controlled 
d.c. aotcHr. In Type VII servoaotor, tte an^lifying winding on the quadrature 
axis serves to increase the eleotrie 1 daasping. In lype VIII servcautor, 
hy oonaaeeting the ai^fxlif^ing winding to an iMep^ident voltage source, 
Qftxibility of varying the daaping i s aelnieved. 
1.3 Scone for aitare Investigations» 
In aost electric machines, the steady-state operation i s 
aibstantially characterised li^ constant voltage or constant correct 
op«ratien* H«Qe« thsM naehizws aro gmsrally eonrMict«d in sarics 
or in par«ll«l iilth one anotbmr. In H«tac^rz»s, the steadyw^tate 
operation i s eharaeteriaed l^ a more coa^lee Jbnet^sn betveen 
•oltaj^ee and cnrreiita. Since the panoaoti^ ra of this fiinetion can 
oft«a be vmry eaiduly eontrolled, the Metadynes hare great flexibility of 
operation, and a l»xfpi naabar of arrang^Dognts of the machines with 
<Nae another i s possible. Sose Hetadynes may bo suitable particnlarly 
fbr eoatrol and eyclieal perfbnittnees. lor this parpo»i, imrestigatitms 
of stabilit>r and stabilisation beeoees necessary* 
i etadjnMe can be ueed eildier as generators, transfomers, 
Biotors or their coeibinatien* In the present work i>heir applicaticm 
only as prlse-roirer for proportional-error poeitlcNB smnro aystecs 
with linear clttiraeteristies and internal electrical daaiping, has been 
studied. Metad^ me Botor with nm-linear characteristics and Hetadjme 
operating siMiltaneously as motor and transfbrcer can Ibrs fruit Aa 
SBbJects for fiurUier investigations. 
TV.e cross-field notors, with tteee stator windings and two 
bntiAi^-TmlT^f considered in tMs wox4c are really a i^seial case of the 
general Metad^e •otm's. A useftel oibject for ftiture inreetig tion i s 
the i^pplication of Metac^ me notors, with a nm >ar of stator windings 
of arbitrary angular sprettd on the stator and a nnibwr of brashes 
placed on the eoEsntator, as {arineBiO'vers in servo aystSBS. 
The main adrantage of KetadyiMs i s th«dr use as a aystee 
of Baehines rather thum a single sachine. i'he present woxic has not 
touched even the fringe of this field of applieatloo. * 
• Peetarini, J.M.: 'MSTAOINS 3rAlIC3»,(Book), Chapsaai I Hall, Ltd.,London,(I968). 
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